In this article, we propose a control method, providing mobile robots with whole-body compliance capabilities, in response to multi-contact physical interactions with their environment. The external forces applied to the robot, as well as their localization on its kinematic tree, are measured using a multimodal, self-configuring and self-calibrating artificial skin. We formulate a compliance control law in Cartesian space, as a set of quadratic optimization problems, solved in parallel for each limb involved in the interaction process. This specific formulation makes it possible to determine the torque commands required to generate the desired reactive behaviors, while taking the robot kinematic and dynamic constraints into account. When a given limb fails to produce the desired compliant behavior, the generalized force residual at the considered contact points is propagated to a parent limb in order to be adequately compensated. Hence, the robot's compliance range can be extended in a both robust and easily adjustable manner. The experiments performed on a dual-arm velocity-controlled mobile manipulator, show that our methodology is robust to nullspace interactions and robot physical constraints.
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I. INTRODUCTION

A. Motivation
A LTHOUGH initially intended for purely industrial or scientific purposes, robots are now about to democratize in many different sectors of society, such as home automation, medicine, education and even entertainment [1] - [3] . Being both less expensive and easier to control than their legged counterparts, wheeled mobile robots are in particular likely to be extensively used in a near future for most consumer or medical applications [4] . Operating in a human environment, such robots must be capable of coping with a wide variety of physical interactions -whether desired or accidental -in a both safe and predictable manner [5] . To that end, they have to be whole-body compliant. Compliance has been extensively studied over the past two decades [6] - [14] . Commonly exploited in the industry for mechanical assembly purposes [15] , [16] or the realization of cooperative tasks [17] , it is henceforth increasingly used in the context of rehabilitation [18] and assistive robotics [19] . However, its generalization to multi-contact interaction scenarios between humans and robots remains difficult for two main reasons. First of all, in this context, compliance is no longer restricted to the endeffectors. Instead it must be guaranteed for an arbitrary number of contact points distributed throughout the entire body of the considered robot. Therefore, such a robot must either have a soft mechanical structure, associated with a proper actuation strategy, e.g., variable stiffness [10] , [20] , [21] , or must otherwise be equipped with specific sensor modalities allowing suitable reactive behaviors to be emulated by its controller [4] , [22] . On the other hand, the generation of compliant behaviors must be guaranteed despite the kinematic and dynamic limitations of the considered robot, such as joint limits, torque limits or singularities. In practice, wholebody compliance cannot be adequately implemented on a fixed manipulator since any physical interaction with the root of its kinematic chain or with a singular axis of motion, systematically results in the emergence of stiff configurations. However, its implementation remains relevant on a mobile robot, as in this case, the locomotion system can be used to propagate the external forces applied to non-compliant upper body configurations. Nevertheless, a good coordination between the locomotor limbs and the rest of the robot is still required in order to ensure that the generated behaviors are both consistent and potentially safe to an external user.
B. Related Works
The issue of whole-body compliance for wheeled mobile manipulators has already been widely discussed in the literature. The typical approach consists in using an admittancecontrolled mobile base [23] in combination with a passive or active-compliant upper body. The mobile base control interface is usually formulated in the operational space. This is, for example, the case in [24] , where a force sensor placed at the end-effector of a single-arm mobile manipulator, provides direct control over the movements of its base. In [4] , [25] - [29] the Cartesian position error between a compliant frame, linked to the robot's end-effector, and a fixed frame attached to its lower body is used by the mobile base controller to generate suitable reactive motions. Additional stability and posture objectives are included in [27] with excellent performances. Although this technique allows greater flexibility -given that the mobile base motion generation is no longer restricted to the end-effector -it may be vulnerable to singularities since it relies on the compliant motion of the upper-body with respect to a fixed point in the base frame. In [30] - [37] , whole-body compliance is achieved by placing a forcetorque sensor either at the mechanical coupling between the robot's upper and lower body or directly on its mobile base. Simple and naturally robust to singularities, this strategy may nevertheless be sensitive to the effects of internal forces, resulting from upper-body's inertia. Generating motion on the mobile base with a compliant upper body can also be achieved at the joint level. This is, for example, the case in [38] - [40] where some specific joints of a compliant upper body are assigned with a particular degree of freedom on the mobile base. This method works well provided that the arms do not get too far from their nominal posture, in which case, base movements may become inconsistent. In [41] an approach based on generalized inverse dynamics exploits the feedback of dedicated joint torque sensors, for whole-body compliance implementation on a dual-arm wheeled mobile manipulator. Although intrinsically compliant, robots using joint-torque feedback are in general vulnerable to singularities, since a force applied to a singular posture will not generate any detectable torque. In practice, realizing compliant behaviors on a stiff robot is often challenging since major structural modifications are necessary to provide the considered platform with either adequate sensory modalities (e.g. force-torque sensors), or with specific actuators (e.g. variable stiffness). In this context, the concept of whole-body tactile feedback is a relevant alternative, since covering an entire robot with an artificial skin to get suitable force or application point measurements only requires limited structural changes. Widely investigated during the last two decades, several promising prototypes have since then been successfully developed and tested, such as [42] - [46] . The artificial skin developed in [45] , [46] is of particular interest as it is capable of simultaneously measuring four different tactile modalities, namely pressure, pre-touch, temperature and vibrations. Mounted on a robot, this artificial skin can be used for active compliance realization as demonstrated in [22] . In our previous work [48] , we took advantage of the pressure and pre-touch modalities in order to achieve whole-body compliance with force propagation on a dual-arm omnidirectional mobile manipulator. Using Quadratic Programming (QP), we proposed a method allowing to estimate the components of external forces which could not generate sufficient reactive torques on a considered limb of the robot, due to kinematic or dynamic constraints. Once identified, these forces were propagated onto the robot's mobile base, thereby generating proper reactive motions in the direction of the upper limb's constrained axis. Although we successfully extended the compliance range of our robot, this study also highlighted the limitations of the proposed method. The most fundamental of these limitations was the impossibility of precisely tuning the reactive motion dynamics, especially when the external forces were applied close to a singular axis of the upper limbs kinematic chain. As demonstrated in [14] , this point is critical for safe human-robot interaction. Moreover, properly handling the robot physical constraints such as joint limits or torque limits was made difficult by the cell-wise formulation of the proposed algorithm. Finally, since one optimization problem had to be solved for each activated skin cell, the previous method was therefore rapidly limited by computational complexity issues, especially for the robots covered by large skin patches. With these in mind, we here reformulate the entire control framework, to have a generic and computationally efficient whole-body compliance algorithm for wheeled mobile robots.
C. Our Approach
In this work, we formulate the compliance control law in Cartesian space. The desired reactive dynamics, defined at the contact point level (with respect to the base frame of the considered robot limb 1 ) is tracked by the controller. Quadratic Programming (QP) makes it possible to compute a set of proper control torques, allowing the robot to follow the desired reactive behavior as accurately as possible, while intrinsically complying with a set of predefined physical constraints. Besides being easily accessible to humans -thereby simplifying the tuning of our controller -a Cartesian formulation makes it possible to conveniently capture the dynamic residuals between the desired and the actual reactive motions of each robot limb. These residuals are then propagated onto a parent kinematic chain -in our case the mobile base of the robot -to be adequately compensated, thereby extending the whole robot compliance range. This paper is organized as follows: Section II provides a formal description of the whole-body contact point compliance problem. Section III describes the proposed approach for whole-body multiple-contact compliance with force propagation using tactile feedback and quadratic programming. The experiments, as well as their results, are presented and discussed in Section IV. Finally, Section V gives a brief conclusion and discusses the possible future works.
II. MULTI-CONTACT CARTESIAN COMPLIANCE A. Preliminaries
The dynamic model of a rigid serial manipulator with n degrees of freedom, can be derived using the Euler-Lagrange's formalism [49] , resulting in the following equation of motion:
In this equation, q,q ∈ R n are the generalized position and velocity vectors, M(q) ∈ R n×n is the generalized inertia matrix, C(q,q) ∈ R n×n is the Coriolis and centripetal effects matrix, g(q) ∈ R n is the gravitational torque vector, β ∈ R n×n is a viscous friction operator, τ ∈ R n is the vector of control torques, and τ c ∈ R n defines the torque produced by the external forces applied to the robot. Usually, according to the virtual work principle, τ c is formulated as the additive contribution of the external wrenches 0 W j ∈ R m applied to the robot body (where m is the task-space dimension), and propagated along its kinematic chain as:
Each of the γ contact points, is associated with a specific Jacobian matrix J j (q) = ∂ 0 x aj ∂q ∈ R m×n , where 0 x aj ∈ R m represent the actual position of the contact with respect to the base frame of the robot. Hence the Cartesian dynamics 0ẍ aj ∈ R m of each contact point can be calculated as:
The compliance problem is defined with respect to robot base frame where the interaction takes place. As presented in [45] , each skin cell has a set of three normal force sensors, a temperature sensor, a proximity sensor and a 3D accelerometer. (d): Shape reconstruction of a given skin patch can be achieved after a short self-organization of the cells network followed by a self-calibration step [45] . (e): Once the shape of a skin patch is known, each skin cell can be provided with a specific position vector 0 x σ ∈ R m , defined in the base frame of each arm [22] . Notice the corresponding coordinate frames on the left arm of the robot model.
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whereJ j (q,q) ∈ R m×n is the time derivative of the Jacobian matrix J j (q), and h(q,q) = C(q,q)q + g(q) + βq ∈ R n . It is important to note that under these conditions, there is absolutely no guarantee that the robot is safe for the external user since neither the contact impedance nor the robot physical limitations are taken into account in eq. (2). Therefore the control objective is to generate a compliant dynamics for 0ẍ aj .
B. Compliance at the Contact Point Level
In practice, controlling the mechanical impedance of a robot manipulator can be achieved at the joint level [10] , at the end-effector level [6] or at the contact point level [50] - [52] . Contact point compliance control (also referred to as contact point impedance control) is of particular relevance in the context of whole-body human-robot interaction since it allows to intuitively and precisely adjust the robot reactive behaviors at any point of its kinematic chain [50] . The corresponding torque-control objective can be formulated as determining the command τ providing a specific contact point j, with a desired dynamic behavior 0ẍ dj , defined in Cartesian space by the following mass-spring-damper equation of motion:
In this equation, 0 W j ∈ R m is the external wrench applied to the contact point j and Λ dj , D dj , K dj ∈ R m×m + are the corresponding desired inertia, damping and stiffness matrices. These matrices define the contact dynamics.
∆ 0 x j = 0 x dj − 0 x refj ∈ R m and their time derivatives are respectively the positions, velocities, and accelerations errors between the desired mass-spring-damper contact dynamics ( 0 x dj , 0ẋ dj , 0ẍ dj ) -which must be tracked by the robotand its reference ( 0 x refj , 0ẋ refj , 0ẍ refj ), towards which the robot must converge when no force is applied to it. When interaction is limited to a single contact point the resulting compliance control law can be derived as:
is the corresponding nullspace projector, andq N ∈ R n is an arbitrary joint acceleration vector to be projected on the nullspace of J j (q). This control technique was successfully implemented in [50] , using the dynamic residual method [53] , [54] for contact force estimation and exploiting visual feedback for contact point localization. Its generalization to scenarios involving simultaneous interaction with ρ ∈ [1, n] different robot links can be achieved using an augmented Jacobian representation, eventually leading to the following reformulation of eq. (5b):
where J aug = J 1 · · · J ρ ∈ R ρm×n concatenates the ρ Jacobian matrices of the reference interaction points,
dρ ∈ R ρm contains the corresponding desired accelerations.
Fig. 2:
Illustration of the equivalence between a given normal force distribution -measured by the artificial skin -and a single wrench applied to the force centroid of the considered rigid body. In this example, we consider a simplified model of plane robot with 4 degrees of freedom. (a) depicts the case of a single skin patch j, mounted on the robot link i, and reading a set of β j different cell forces 0 F σ jk . The resulting wrench 0 W ζ i applied to the force centroid 0 x ζ i has no torque components since the applied forces have the same direction. (b) depicts the case of two different skin patches mounted on the same rigid body and submitted to a set of counteracting forces with equivalent magnitude. In this case, the resulting wrench has no translational components.
III. WHOLE-BODY MULTI-CONTACT COMPLIANCE UNDER CONSTRAINTS
A. Tactile Multiple-Contact Compliance
When contact with the external environment simultaneously occurs at multiple locations of given robot link, the combined action of the resulting interaction forces must be adequately taken into account to generate suitable reactive motions according to eq. (6). In a contact-point compliance scenario, this requires a precise knowledge of both the forces applied to the robot and their localization on its kinematic chain. Since tactile feedback immediately provides information about the type, location, and intensity of an arbitrary number of physical interactions, it is perfectly fitted for this task. In this paper, we merge the artificial skin data into a single wrench vector, applied to the centroid of the considered link force distribution. The concept of force centroid can be thought of as a threedimensional version of the zero moment point (ZMP) of a walking robot [55] , [56] , defined as the weighted average location x zmp of the pressure efforts p(x), x ∈ Ω applied to its feet:
In our case, the location 0 x ζ i of the force centroid related with the rigid link i, is defined as a cell-wise discretized version of eq. (7) . Let us consider the serial manipulator depicted in Fig. 2 , whose rigid links i are covered by a number α i of skin patches. Each patch j = [1, 2, · · · α i ] of artificial skin contains a set of β j activated skin cells, sending a stream of relevant force 0 F σ jk ∈ R 3 and position 0 x σ jk ∈ R 3 data. Then the set of all the 0 F σ jk applied to the corresponding contact points 0 x σ jk can be seen as equivalent to a unique
applied to the force centroid 0 x ζ i of the rigid body i where:
An important point to be noted in the last equations is the cellwise weighting factor ω jk ∈ R + , which allows implementing spatial variations in cell sensitivity within the same skin patch. This is an important feature of the artificial skin used in this work, which makes it possible to emulate the changes in sensory density observed on the natural skin. In this manner, the behavior of a robot can not only be adjusted limb-wise but also according to the location of interaction as it is, in particular, the case for humans 2 . Using this formulation, the centroid interaction wrenches 0 W ζ i measured by the skin can be directly re-injected into eq. (5c) to generate a set of desired acceleration vectors 0ẍ d ζ i (one for each link involved in the interaction process). An adequate torque command can then be issued using eq. (6) and eq. (5a). In this case the augmented variables are obtained by concatenating the corresponding centroid quantities, for example J aug = J ζ 1 · · · J ζ ρ ∈ R ρm×n where J ζ i is the Jacobian matrix associated with the centroid i and ρ ∈ [1, n] is the total number of centroids. Special attention must here be given to the computation oḟ J aug (q,q) as the evolution of J ζ i (q) does not only depends on the robot motions but also on the changes of centroid position in the considered rigid body. We here approximatė J ζ i (q,q) using a first order Taylor expansion with the control loop time step δt:
This link-wise formulation of the robot compliance control law is relevant since the computational complexity no longer depends on the number of activated skin cells as it was the case in our previous approach [48] . However, in its current form, it does not account for the physical constraints of the considered robot.
B. Force Propagation for Whole-Body Tactile Compliance
1) Computation of the limb total wrench residual: When an external wrench 0 W ζ i applied to a given robot limb, cannot produce the Cartesian acceleration 0ẍ d ζ i required to match the desired contact impedance at the corresponding force centroid ζ i , a local acceleration residual 0ẍ r ζ i is generated. This residual can be computed as the difference between the desired acceleration 0ẍ d ζ i of the mass-spring-damper system submitted to the centroid wrench 0 W ζ i , and the acceleration 0ẍ a ζ i the robot limb can locally generate without violating its physical limitations:
One of the main challenges is here to correctly propagate these components onto the parent limbs in order to generate suitable reactive behaviors. One way to proceed would be to consider the residuals as local measures of the acceleration of a rigid body. Following the approach developed in [57] , it would then be possible to express the total child limb residual acceleration with respect to a parent frame, as an optimization problem. However under these conditions, a proper solution could only be obtained provided that set of -at least -four distinct acceleration residuals is available. If this condition is not verified, the problem may have an infinite number of solutions. Furthermore, the direct propagation of acceleration residuals on a parent limb may also lead to the generation of jerky or counter intuitive behaviors, especially in case of significant mismatch between parent and child dynamics. To solve these issues, we decided to formulate the residual propagation problem at the force level and thus to convert the different 0ẍ r ζ i into a set of wrench residuals 0 W r ζ i using the desired dynamics Λ d ζ i of the considered link centroid ζ i :
These residuals contain the components of the centroid wrenches that were not adequately compensated on the considered limb. They have to be merged into a single limb wrench residual 0 W r applied to the parent-child junction:
2) Propagation of the limb total wrench residual: The next step is to propagate 0 W r onto the considered parent limb and therefore to express it on the corresponding basis. This can be achieved using the adjoint transform
is the rotation matrix of frame j with respect to frame i, and i x j (1 : 3)× ∈ R 3×3 is the skew operator associated with the first three components of the position vector i x j :
Since a given parent limb may have several child limbs sharing the same root frame (e.g. arms mounted on a rigid torso), the expression of the residual wrench applied to this frame must therefore be the sum of these limbs contributions:
where κ is the number of child limbs attached to the same parent link (c.f. Fig.3 .c). There may of course be several root links within a considered parent limb. The residual wrench p W r will therefore have to be calculated for each of these links before being classically re-injected into the parent limb controller as:
where as previously J aug = J ζ 1 · · · J ζ ρ ∈ R ρm×n concatenates the ρ ∈ [1, n] Jacobian matrices of the reference interaction points (this time in the parent limb) and pẍ daug = pẍ d1 · · · pẍ dρ ∈ R ρm contains the corresponding desired accelerations of the parent centroids. Once the wrench 0 W ζ i has been extracted from the skin data on a given link of the robot, it is applied to a virtual mass-spring-damper system, thereby generating a desired local acceleration 0ẍ d ζ i which must be tracked by the robot as accurately as possible. The errors 0ẍ r ζ i between the desired and the actual centroid accelerations are a direct consequence of the robot physical constraints. (c): These errors are then locally transformed into a set of centroid wrench residuals 0 W r ζ i , which are in turn summed up link-wise to obtain the limb residual wrench 0i W ri . The resulting wrench residual p W ri of each arm can eventually be propagated on the parent kinematic chain (in our case the robot base), in the same manner as an external wrench applied to "p".
In this case, n denotes the dimension of the parent joint space. The residual is propagated in the nullspace of the parent limb interaction task, using the corresponding projector P aug = I n×n − J # aug (q)J aug (q) ∈ R n×n . The augmented Jacobian J raug (q) = J r1 · · · J rχ ∈ R χm×n concatenates the χ Jacobian matrices of the residuals, χ being the number of links -within the parent limb -that have at least one child limb with a non zero residual. In this case, Λ di ∈ R m×m denotes the desired inertia matrix of parent link i.
C. Tactile Multi-Contact Compliance Under Constraints
Reformulating the issue of tactile multi-contact compliance as a quadratic optimization problem has many advantages. In particular, it allows to take into account the robot physical constraints directly within the control law, provided that they can be formulated as a set of equality or inequality constraints. In practice, the compliance control law (5) can be thought of as finding the optimal control torque τ minimizing the acceleration residual 0ẍ r ζ i , computed in eq. (10). From there it is straightforward to formulate the corresponding objective function as the regularized weighted squared L2-norm of the acceleration residual 0ẍ
In this equation, the variable ε ∈ R is a regularization term, allowing to avoid numerical singularities. This value is automatically set by the optimizer [58] . The weighting matrix Ψ i = diag(ψ ij ) ∈ R m + plays an important role, by either enhancing or penalizing the influence of linear (respectively angular) components of 0ẍ r ζ i within the global optimization process 3 . This is essential since the minimization of the linear acceleration residual is sometimes achieved at the expense of the angular acceleration residual. In this case, the total wrench residual 0 W r of eq. (12) has to be reformulated as:
where Ψ i = Ψ i (1 : 3, 1 : 3), Ψ i = Ψ i (4 : 6, 4 : 6), and ι ∈ R + is a tuning parameter.
D. Robot Physical Limitations
As every mechanical system, robots are submitted to a set of kinematic or dynamic constraints, in particular, due to their geometry or actuation configuration. When a robot reaches one of its mechanical limits, the torque applied to the considered joints is automatically set to zero by internal safety checks, resulting in a temporary loss of one or several degrees of freedom. In practice, this is a risk to the external user since the controller is not aware that the robot can no longer move in a given direction of space. Nevertheless, maintaining compliance in this context is still possible, provided that the robot's constraints are properly taken into account in the main control loop. In this way, the forces applied in the vicinity of a mechanical limit can be identified and directly projected onto a parent limb (e.g. the mobile base), thereby generating suitable compliant reactive motions. Since most robots kinematic and dynamic constraints can be formulated as a set of inequalities, they can, therefore, be naturally taken into account in the previous QP formulation. As proposed in [59] , we here consider a set of joint space constraints, namely torque, joint, and velocity limits:
where λ, µ ∈ R are convergence rates and where q l , q uql andq u ∈ R n are lower and upper joint position and velocity limits vectors for the robot's upper kinematic chains. Both convergence rates λ and µ were chosen heuristically. The 3 This is equivalent to the use of a weighted pseudo-inverse in eq. (6).
QP for the constrained multi-contact compliance problem can eventually be formulated as:
When one of the robot limbs approaches a mechanical limit, the torque generated by the external forces onto the considered joints is automatically bounded. The QP-solver then iteratively searches for the control torque that best matches the objective function while complying with these new constraints. In our approach, if the solver fails to find such a solution, the generalized forces applied to the considered limb will be directly propagated to a parent kinematic chain by setting τ = 0 n×1 in eq. 10. It is important to notice that when interaction occurs between the robot and its environment, the rigid links that are involved in the interaction process have strict priority over those which are not in contact with the environment. In practice, this is achieved by setting the acceleration residual 0ẍ r ζ i of the considered links to zero in eq. (15) and (18) .
IV. EXPERIMENTAL EVALUATION
A. Description of the Hardware and Control Interface 1) Description of the robot hardware: The experimental setup is presented in Fig. 1 .a. Our robot platform TOMM (Tactile Omni-directional Mobile Manipulator) [47] is a dual arm mobile manipulator, composed of two UR5 industrial robots with 6 degrees of freedom each, covered with multimodal artificial skin and mounted on a holonomic mobile base ( Fig. 1.a) . TOMM's central unit is composed of two intel Core i7-4702MQ computers with 16Gb of DDR3 RAM each. One of these CPU is fully dedicated to the control tasks. Both computers operate under Linux Ubuntu 14.04.5 LTS. The complete control stack, including linear algebra and optimization libraries is coded in C++. Real-time capability is here obtained using the Linux PREEMPT RT kernel patch.
2) Assumptions: Similar to the "floating base" framework of humanoid robots, and disregarding the issues of tilting and instability, we model the omnidirectional mobile base coupled to its low level velocity controller, as a 3-DoF robot made of two orthogonal prismatic joints moving in the horizontal plane and one revolute joint, rotating along the vertical axis. We moreover consider the mobile base and the upper limbs as separated systems. The arm-arm and arm-base dynamic couplings are especially not taken into account. Although this assumption is constraining, it nevertheless remains valid in our case since the torso is not articulated, the mass of the mobile base is one order of magnitude higher than that of the arms, that the omnidirectional wheels are not mounted on shock absorbers and that they also generate significant friction on the ground. Moreover, since the arms of the robot are industrial grade manipulators, we assume that the disturbances generated by the mobile base accelerations are negligible. The fully coupled system is to be considered in future works.
3) Description of the control interface: TOMM's arms are velocity-controlled (similarly to most industrial robots). However, model-based force/torque control strategies can still be implemented through a set of admittance controllers, converting the generated torque commands into suitable velocity commands as demonstrated in [22] . The control loop frequency is here fixed to 125Hz by the real-time interface used to communicate with each UR5 robot arms 4 . A specific admittance controller -similar to [4] -was also developed for our mobile base, in order to make it force/torque-controllable, thereby allowing force propagation from the arms to the mobile base. The virtual dynamics of the mobile base is described by the following three-dimensional equation of motion:
wherev When the wrench p W r is applied to the mobile base, it produces a reference Cartesian accelerationv b ∈ R 3 . This acceleration is then integrated and sent as a bounded velocity reference to the mobile-base velocity controller each 8ms 5 . 4) Description of the artificial skin: The artificial skin used in this paper consists of identical, hexagonally shaped skin cells, connected to each other with flexible PCBs and assembled into patches of different sizes (see Fig. 1.b,c,d) . Each skin cell is capable of simultaneously measuring four different tactile modalities, namely pressure (capacitive force sensors [60] ), pre-touch (infrared proximity sensor), temperature (temperature sensor) and vibrations (3D accelerometer). The data generated by each skin patch is transmitted via high-speed serial communication to a FPGA module -the Tactile Section Unit (TSU) -before begin broadcasted to the host computer at a maximum frequency of 250Hz 6 via Gigabit Ethernet. In this manner, a temporal resolution of 4ms can be achieved. This is similar to the 5ms temporal resolution of Human skin. On TOMM, a set of 4 distinct TSU is broadcasting the data from 14 skin patches, for a total of 644 skin cells covering the two arms. Depending on how 4 Note that the UR5 arm torque resolver described in [22] runs on its own real-time thread at 500Hz. 5 The internal velocity control loop of the mobile base operates at 1kHz on its own real-time thread. 6 The data broadcasted by the skin are stored in arrays of fixed-size data containers, accessible by the main control loop. Each container stores the multi-modal sensory information of one skin cell. These containers are continuously updated by the arrival of new information. When the robot controller requests data, it receives the most recent buffer value. In this manner the artificial skin and the robot controller can operate at different frequencies.
"far" a skin cell is from the TSU -i.e. how many skin cells have to be crossed before reaching the TSU -it takes about 1ms to propagate the information to the main CPU. A new command is then issued by the controller every 8ms using the last informations provided by the skin (note that the control frequency is here determined by the real-time interface used to communicate with each UR5 robot arm). It is interesting to compare this to human tactile reflexes, such as the patellar reflex, which is issued in about 29.6 ± 6.0ms [61] . 5) Details of the QP formulation: We use the qpOASES C++ library [62] as QP solver since it provides useful regularization options as well as suitable timing tools, allowing implementation in real-time control loops. On a more formal point of view, qpOASES requires the problem to be formulated using box constraints, which is very well suited to our implementation:
In this expression, the matrix H ∈ R ϑ×ϑ denotes the Hessian, and the vectors b, z, lb, ub ∈ R ϑ respectively denotes the gradient, the optimization variable, and its corresponding lower and upper bounds. Here ϑ ∈ [0, 6] is the dimension of the problem. Note that in this case, equality constraints can still be handled by simply putting the same expression on both sides of the inequality in eq. (20b). In our case 7 the QP (18) can be formulated as:
where the min and max operators are defined element-wise and where S = I ϑ×ϑ 0 ϑ×(n−ϑ) ∈ R ϑ×n is a selection matrix allowing to discard the influence of unused joints within the QP. For a given kinematic chain, the dimension ϑ of the QP corresponds to the index of the highest-order joint involved in the interaction process. For instance, a singlecontact interaction with the fourth rigid link of the robot (moving with the third joint), will result in a three-dimensional problem.
B. Description of the Experiments 1) Summary: A set of five different experiments was conducted in order to demonstrate the main features of the proposed approach. The first experiment aims at illustrating the ability of our control algorithm to comply with a set of joint position constraints. The second experiment aims at highlighting the possibility to generate compliant reactive behaviors with an adjustable dynamics, in reaction to multi-contact physical interactions under torque constraints 8 . The third and fourth experiments study the behavior of the proposed control algorithm in the specific cases of fully propagated and nullspace interactions respectively. Finally, the fifth experiment compares the computational efficiency of the proposed method with that of our previous approach in [48] .
2) Experiment protocols: The experiments follow the same protocol: forces are applied to different locations of TOMM's arms. To have an effect on the robot, it is required that these forces are applied to a surface which is covered by the artificial skin. In the current configuration, any force applied on an uncovered surface of the robot will not be detected. These forces are then processed according to eq. (8) in order to compute the position 0 x ζ i of the link forcecentroid and the associated interaction wrench 0 W ζ i . The next step is to generate a command τ that will satisfy as much as possible the desired reactive behaviors -defined by the mass-spring-damping parameters assigned to each centroidwhile at the same time complying with the robot physical constraints. This is achieved by solving the QP of eq. (18). The Cartesian acceleration residuals are then computed for each arm according to eq. 10. Once transformed into wrench residuals by injecting them into eq. 11, they are propagated onto the mobile base using eq. (12), (13) and eq. (19) . It is important to note that single and dual arm interactions are treated exactly in the same manner since each arm has its own controller instance, running in a specific thread, as exposed in Fig.3 .c. In the case of dual arm interaction, the wrench residuals computed on the base frame of each arm, are simply summed up on the parent root frame (denoted as "p" on Fig.3 .c) according to eq. (13). The resulting wrench is then propagated to the mobile base.
C. Results and Discussion
1) Experiment 1. Robot joint limit avoidance: The objective of this first experiment is to demonstrate that the the proposed QP formulation of the compliance control law allows a convenient handling of the robot physical constraints and in particular of joint limits. The experiment itself consists in interacting with the robot in different contact points. Moving the right arm of TOMM to its home position (q = [0, π/2, 0, π/2, 0, 0] ), we define the following constrains: [5, 5, 5, 5, 5, 5] . In this experiment, the desired centroid dynamic parameters are as follow: Λ d ζ 3 = 2.5 · I 6×6 , D d ζ 3 = 3 · I 6×6 and K d ζ 3 = 8 It is important to note that although this experiment specifically considers the case of high stiffness reactive dynamics, a wide variety of different dynamic responses can also be generated. Some of these behaviors can be observed within the experiments 1 (zero stiffness) and 3-4 (medium stiffness) for which different values of the contact mass-spring-damper constants were investigated as well as different mobile base dynamic parameters. Fig. 4 : Robot joint limit avoidance 0 6×6 . The mobile base virtual mass is set to m = 10kg and its virtual inertia to I = 1.0kg.m 2 . The results, shown in Fig. 4 depict that the previously defined constraints are respected: the considered interaction wrench 0 W ζ3 located in a centroid ζ 3 (Fig. 4 .b) produces bounded position ( Fig. 4 .a) response. As exposed in Figs. 4.c-d the wrench components that would have led to a violation of these constraints are propagated to the mobile base, thereby generating suitable reactive motions. In practice, since the bounds are tight, most of the applied wrench is directly propagated to the mobile base. In the following experiments, we set λ = µ = 100 as the robot is moving far from its joint limits.
2) Experiment 2. Contact impedance control with torque limits: The following experiment is focusing on the generation of compliant reactive motions following a desired dynamics, in response to physical interactions between the robot and an external operator. A set of external forces is applied to the second link of TOMM's left arm. This results in an interaction wrench 0 W ζ2 located in a centroid ζ 2 on the second link of the robot (c.f. Fig. 5.c) . The QP solver generates a set of control torques (c.f. Fig. 5 .b) that aims to provide the considered centroid with the desired reactive compliant behavior while respecting a set of predefined robot constraints. The desired dynamic parameters of the centroid are the following: t 1 t 2 t 3 t 4 t 1 t 2 t 3 t 4 t 1 t 2 t 3 t 4 t 1 t 2 t 3 t 4 t 1 t 2 t 3 t 4
Fig. 5: Contact impedance control
The mobile base virtual mass is set to m = 25kg and its virtual inertia to I = 1.0kg.m 2 . We notice in Fig. 5 .a that the joint velocities converge to zero, (e.g. for 10 ≤ t ≤ 12) while the force is still applied to the robot arm (c.f. Fig. 5.c) . This is the expected behavior from a mass-spring damper system with a high stiffness value. Notice on Fig.5 .b, the torque saturations occurring at t 1 , t 2 , t 3 and t 4 . These saturations are the result of the torque constraints defined in the QP. In our case, the torque limits are set to ±20N.m for each joint. As the torque reaches its limit, the considered robot limb cannot entirely propagate the external forces. The resulting wrench residual ( Fig.6.d ) must therefore be propagated to the mobile base as shown in Fig.6 .e.
Fig. 6: Fully propagated interactions
3) Experiment 3. Fully propagated interactions: In this experiment, a set of forces is applied by an external operator, to the robot end-effector, thereby resulting in a wrench 0 W ζ 6 located in the centroid ζ 6 (c.f. Fig. 6 .c). The desired centroid dynamic parameters are set to the following values: Λ d ζ 3 = 2.5 · I 6×6 , D d ζ 3 = 3 · I 6×6 and K d ζ 3 = 5 · I 6×6 . The mobile base virtual mass is set to m = 20kg and its virtual inertia to I = 1.0kg.m 2 . The objective of this experiment is to demonstrate that a force which is properly compensated by a given limb 9 , does not generate any significant residual onto its parent (in our case, on the mobile base). The experimental results, depicted in Fig. 6 , show that this is indeed the case: the residual wrench -resp. mobile base motions -are negligible on the considered time frame, as shown in Fig.6 .d-e. In this experiment, a force is applied close to the nullspace of the second link, as depicted in Fig. 8 . The desired dynamic parameters are the same as those of the previous experiment: Λ d ζ 3 = 2.5 · I 6×6 , D d ζ 3 = 3 · I 6×6 and K d ζ 3 = 5 · I 6×6 . The mobile base virtual mass is here also set to m = 20kg and its virtual inertia to I = 1.0kg.m 2 . On a theoretical point of view, since the considered limb cannot generate any compliant reactive movement in the direction of the applied force, this force should therefore be entirely propagated to the mobile base. The experiment results show this behavior for t 1 ≤ t ≤ t 2 we observe in Fig.7 .c-e that the applied wrench is entirely transmitted to the mobile base since the arm cannot generate suitable accelerations in the direction of the applied force. The joint velocities and torques ( Fig.7.a-b ) are moreover negligible Cell k Link i, Patch j Fig. 8 : Single-contact nullspace interaction with the second rigid link of a UR5 robot. Since the wrench 0 W ζ i lies in the nullspace N (J ζ i (q)) of the corresponding contact Jacobian transpose, it cannot produce any torque on the robot kinematic chain, and must therefore be propagated to a parent limb.
compared to the ones obtained in the previous experiments 10 . Notice on Fig.7 .e that for t ≥ t 2 , the mobile base velocity command is not immediately set to zero, even if the external wrench is no longer applied to the robot. This is a consequence of the mobile base virtual dynamics. 5) Experiment 5. Computational Efficiency: During this experiment, we focus on the evolution of our controller's computational complexity as a function of the number of activated skin cells. For both practical and safety reasons, the robot must remain motionless during the whole process. Therefore although the control torque τ is still computed for timing evaluation purpose, we rather control the real robot with a simple gravity compensation controller τ = g(q), resulting inq = 0 n×1 . We then proceed by gradually covering the robot's artificial skin with a set of opaque screens, in order to activate as many proximity sensors as possible. Since the skin's proximity feedback is automatically mapped to a virtual force [22] , it is therefore naturally integrated into our controller. The experiment results are shown in Fig. 9aand  Fig. 9b . We can observe that the global execution time of the proposed algorithm -in Fig. 9a -fully comply with the real-time constraint of our control loop (δt = 8ms in dashed red). The results moreover suggest that the influence of the number of activated cells on the computation time of the loop is negligible. Unlike our previous work, where a QP had to be solved for every activated skin cell, the proposed control method now only requires a single QP to be solved for each limb and for each time iteration of the control loop. In the worst case, for TOMM, it is therefore only two QP that will have to be solved at each control iteration 11 . Finally, since each 10 Joint velocities and torques are nonetheless not null, since the external forces are not applied "exactly" to the nullspace of the robot. 11 The mobile base does not requires the resolution of any QP as it does not have any parent limb.
(a) Proposed method (b) Old framework Fig. 9 : (a): Computational Efficiency of the proposed algorithm. In green the time t qp required to solve the QP (on a semi-log scale). In blue on the same scale, the time t tot necessary to solve the entire control problem (i.e. acquire skin data, and solve the QP). The real-time loop constraint t loop = 8ms is showed in dashed red. Finally the number of activated cells, sending force and position data is showed in Orange. (b): Computational Efficiency of the Algorithm proposed in our previous work [48] . The time t qp necessary to solve each QP is here not relevant due to the cell-wise formulation of the problem. We notice that the computational complexity increases with the number of activated cells and rapidly violates the real-time constraint. robot limb is associated with a specific thread, these QP can be solved in parallel which further increases the computational efficiency.
V. CONCLUSION
In this paper, we address the issue of tactile-based wholebody compliance with force propagation for wheeled mobile manipulators. Using the tactile feedback of an artificial skin, we propose a new control paradigm, based on the reactive acceleration error between each of the robot's rigid links, and a corresponding set of virtual mass-spring-damper systems, moving with a predefined compliant dynamics. The use of Quadratic programming makes it possible to determine a set of proper control torques, allowing track as closely as possible the desired reactive behavior while intrinsically complying with the robot physical constraints. In addition to its intuitiveness, formulating the controller in Cartesian space, allows us to conveniently capture the dynamic residuals between the desired and the actual reactive motions of each limb, and to propagate them onto a parent kinematic chain. In this manner, the robot remains compliant under external tactile perturbations, even when the arms reach kinematic or dynamic constraints. Our artificial skin here plays a major role since it provides informations on the magnitude, direction and localization of tactile interactions. The experiments performed on a dual arm mobile manipulator demonstrate the reliability and efficiency of our method as well as its applicability to human-robot interaction scenarios. We provide a video 12 to illustrate the robot behaviors described in this paper. Future works will mainly consist in extending the developed control paradigm to floating-based robots such as humanoid robots. Further exploitation of the artificial skin multimodality, especially through acceleration and temperature signals, will also be considered.
